Hyperglycemia enhances bone resorption and impairment. Controlling blood glucose via metformin benefits bone cells. Hyperglycemia enhances basal phosphorylation of p38 mitogen-activated protein kinase (MAPK), which aggravates bone resorption. Therefore, the aim of this study was to assess the osteoprotective effects of metformin and p38 MAPK inhibitor in non-obese T2DM rats. In this study, non-obese T2DM (Goto-kakizaki, GK) rats were divided into four groups, including DM group, metformin treatment, SB203580 treatment, and metformin combined with SB203580. Wistar rats were used as control group. Femur, tibia, and iliac rat bones were collected to determine bone porosity via synchrotron radiation microtomography. Primary osteoblasts were isolated from calvaria to investigate cell proliferation and osteoblast function, including alkaline phosphatase (ALP) expression and calcium deposition. The results showed that diabetes increase bone porosity. Treatment with metformin significantly reduced porosity in trabecular and cortical bone of the femur, tibia, and iliac, while SB203580 significantly reduced porosity in cortical bone. A combination group showed significantly reduced bone porosity only in trabecular bone of the femur. Isolated osteoblasts showed lower growth rates. Treatment with metformin significantly increased cell proliferation, ALP expression, and calcium deposition. In summary, metformin treatment improved bone quality by reducing bone porosity, increasing cell proliferation, and improving osteoblast characteristics.
INTRODUCTION
Prevalence of type 2 diabetes mellitus (T2DM) has been globally increasing together with obesity. Most T2DM patients in Western countries are obese (Eckel et al., 2011) . By contrast, Asian populations show an increase in non-obese (lean) T2DM (Kashima et al., 2015) with a high risk of diabetic complications similar to obese T2DM. One morbidity from diabetic complications is skeletal disorders, such as osteopenia or osteoporosis (Schwartz, 2003) . Osteoporosis is widely recognized as the most important global age-related metabolic bone disorder, not only in the elderly but also in patients with diabetes mellitus (Hegazy, 2015) . T2DM patients were 1.7 times more likely to suffer from hip fractures compared with age-matched non-diabetic controls (Nicodemus and Folsom, 2001; Yaturu et al., 2009) . Therefore, more attention should be given to the elevated fracture risk presented by T2DM (Petit et al., 2010) .
Hyperglycemia results in an imbalance of bone remodeling, in particular by enhancing osteoclast activity while reducing osteoblast differentiation. High glucose concentrations markedly suppress bone cell growth, mineralization, and expression of various osteoblast-related markers (Kayal et al., 2007) . Hyperglycemia also activates osteoclast proliferation and expression of osteoclast genetic mediators (Kayal et al., 2007) which enhance bone resorption while inhibiting bone formation.
Metformin is a first-line oral anti-hyperglycemic drug for the treatment of T2DM by suppressing gluconeogenesis from the liver (Cheng and Fantus, 2005) . Previous studies showed that the metformin-induced in vitro osteoblast differentiation and enhance bone matrix production (Cortizo et al., 2006; Kanazawa et al., 2008) . In addition, in vivo treatment of metformin in ovariectomized rats prevented bone loss (Mai et al., 2011) . Several clinical studies identified the beneficial effect of metformin on preserving bone health (Borges et al., 2011; Kahn et al., 2006; Vestergaard et al., 2005) . Metformin controls blood glucose and also has a positive effect on bone (Yan and Li, 2013) . Metformin is also involved in microarchitectures, such as improving bone quality (Gao et al., 2010) and osteoblast differentiation (Jang et al., 2011) .
The p38 mitogen-activated protein kinase (p38 MAPK) signaling pathway is recognized as essential to positively regulate skeleton development and bone homeostasis (Thouverey and Caverzasio, 2015) . Alteration of p38 MAPK signaling pathway affects bone health and pathogenesis. Disruption of the pathway in mice lacking p38 MAPK downstream molecule (MAPKAPK2) increased bone mass and thickness, with lower osteoclast population and lower bone resorption (Braun et al., 2013) . In addition, treatment with p38 MAPK inhibitors showed therapeutic potential for osteoporosis (Redman et al., 2001) . Hyperglycemia causes metabolic disturbance and also induces cellular injury and death. Hyperglycemic conditions increase basal p38 MAPK activation as one of the signaling pathways that play an important role in cellular injury and apoptosis Nakagami et al., 2001) . Therefore, inhibition of p38 MAPK activation reduces cellular injury and death with therapeutic potential in diabetic-induced osteoporosis.
Both metformin and p38 MAPK inhibition show beneficial effects on bone health; however, the effects of metformin and p38 MAPK inhibitor in non-obese T2DM, as well as combinatorial treatment of both drugs has never been investigated. Here, metformin and p38 MAPK inhibitor treatment, both individually and in combination were investigated on bone cell growth and differentiation as well as bone porosity in nonobese T2DM rats.
MATERIALS AND METHODS

Chemicals and reagents
Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum, and trypsin-ethylenediaminetetraacetic acid (EDTA) were sourced from Gibco BRL; Life Technologies Inc. (NY, USA). Other purchases included 2ʹ,7ʹ -dichlorofluorescein diacetate from Merck (Billerica, MA) 3-(4,5-dimethyl-2-thiazol)-2,5-diphenyl-2H-tetrazolium bromide (MTT) from Amreco (Solon, OH), metformin from Merck Serono (Germany) and p38 MAPK inhibitor (SB203580) from Tocris Bio-Techne (USA). Other chemicals were purchased from Sigma Chemical Company (USA).
Experimental animals
Male type 2 diabetic Goto-Kakizaki (GK) rats (n = 40) and age-matched Wistar rats (n = 10) weighing approximately 200-250 g were purchased from Nomura Siam International. All the animals were maintained under environmentally-controlled conditions (22°C ± 1°C, 12 hours light: dark cycle) at the Centre for Animal Research, Naresuan University, Phitsanulok, Thailand.
All the protocols were approved by the Committee of the Centre for Animal Research, Naresuan University (NU-AE581023).
Study groups and treatment
All the rats were kept for 4 weeks after purchase and glycemic parameters were performed to confirm their diabetic status, including fasting blood glucose (FBG), haemoglobin A1c level, and oral glucose tolerance test. The rats were divided into two major groups as the control non-diabetic group (Wistar rats; n = 10) and the diabetic group (GK rats; n = 40). Diabetic GK rats were further divided into four subgroups as (i) diabetic group (GK rats; n = 10) receiving deionized water as a control treatment group, (ii) diabetic group treated with metformin (n = 10) receiving metformin 15 mg/kg body weight (BW) twice daily (b.i.d) by oral gavage, (iii) diabetic group treated with SB203580 (n = 10) receiving 2 mg/kg BW of SB203580 by intraperitoneal (IP) injection every 3 days, and (iv) diabetic group treated with both metformin and SB203580, the so-called "combination group" (n = 10) receiving metformin 15 mg/kg BW b.i.d by oral gavage and 2 mg/kg BW of SB203580 IP.
Determination of fasting blood glucose
All the rats fasted for 12-14 hours and then tail vein blood samples were collected to measure blood glucose levels using a glucometer (SD GlucoNavii ® GDH, SB Biosensor, Korea). Rat tails were cleaned with 70% (v/v) ethanol and blood was collected with a 1-ml needle, dropped on a glucose strip and measured by a glucometer. Amount of electricity used was proportional to glucose content in the sample. Quality control for blood glucose determination was performed using quality control material provided by SD Biosensor Company.
Determination of oral glucose tolerance test
All the rats have fasted for 12-14 hours and blood was collected from the tail vein as a baseline. The rats were then fed 2 g/kg BW of 40% (w/v) glucose solution by the oral gavage. Blood was collected from the tail vein at 30, 60, 90, and 120 minutes after glucose treatment and analyzed for blood glucose using a glucometer.
Determination of hemoglobin A1c
Blood samples from the tail vein were collected and dropped on a test cartridge for measurement of hemoglobin A1c (HbA1c) by a Clover A1c™ Self Analyser. Percentage of HbA1c % in the blood sample was presented on the LCD screen of the Clover A1c™ Self Analyser. Quality control for HbA1c was performed using material provided by EuriMedix Company.
Determination of plasma insulin levels
Plasma insulin levels were determined by Sandwich ELISA (Millipore, MI). Plasma samples were added to a microtiter plate coated with monoclonal mouse anti-rat insulin antibodies. Unbound material was then washed out and immobilized biotinylated antibody was added before 3, 3ʹ, 5, 5ʹ-tetramethylbenzidine substrates. Enzyme activity was measured using a spectrophotometer (BioTek, Winooski, VT) with absorbance at 450 nm and corrected wavelength at 590 nm. Plasma insulin concentrations in unknown samples were derived by interpolation from a reference curve generated in the same assay with the reference standard for a known concentration of rat insulin.
Animal euthanasia and bone sample preparation
Rats were anesthetized with IP injection of pentobarbital (100 mg/kg) and heparin (150 units). Rats were euthanized by heart isolation. After that, the femur, tibia, and iliac bones were collected to determine microarchitecture by micro-CT and calvaria were collected for osteoblast isolation. Surrounding tissues and muscle were removed. The bone samples were then cleaned by washing with phosphate buffer saline (PBS), wrapped in gauze soaked in PBS solution, and stored at −20°C until required for analysis.
Determination of bone porosity by synchrotron computed tomography
Bone porosity was analyzed by synchrotron computed tomography (synchrotron CT) at the Synchrotron Light Research Institute, Thailand. Bone samples were measured from 0° to 180° in 0.2° steps under 5× magnification. The bones were cut into small pieces (less than 6 mm) to measure trabecular and cortical bone porosity and images were normalized using bright and dark fields (n = 100). Raw images were reconstructed via Octopus software and bone porosity analysis was performed in individual regions of interest. 3D images were constructed using Drishti software. Bone porosity was calculated from 3D images using octopus analysis software for selective areas of 200 slices, height 200 pixels, and length 200 pixels (voxel size = 1.4 µm).
Isolation of primary osteoblast cells from non-obese T2DM rats
After animal scarification, calvaria were rapidly removed to prepare the osteoblastic culture. Calvarial bones were cut into small pieces and transferred to a sterile petri dish. The bone pieces were digested with 2 mg/ml of collagenase II (Worthington Biochemical Corporation), dissolved in Hanks' balanced salt solution (HBSS) buffer, for 30 minutes at 37C in a shaking water bath. Then, collagenase II solution was replaced by trypsin-EDTA (Gibco ® ) solution and further incubated for 30 minutes. Repeated steps of collagenase II and trypsin-EDTA were performed twice. Then, bone pieces were transferred to 25-cm 2 flasks containing 5-ml fresh DMEM (Gibco ® ) supplemented with 10% (v/v) foetal bovine serum (FBS) (Sigma ® ), 5,000 units/ml of penicillin and 5,000 g/ml of streptomycin (Gibco ® ). Culture media were changed every 2 days. All the experiments on osteoblasts were expanded for three cell passages.
Determination of primary osteoblast proliferation
Osteoblast cells were plated in 24-well plates at a density of 2 × 10 4 cells/well. Cell numbers were counted using Automated Cell Counters (Thermo Fisher Scientific, Waltham, MA) every day for a period of 7 days. A growth curve was plotted and the population doubling time was calculated from the cell count on day 7.
Population doubling time PDT = duration × log(2)log final concentration -loga(initial concentration)
Determination of alkaline phosphatase activity
Osteoblast cells were plated in six-well plates at a density of 5 × 10 4 cells/well with DMEM supplemented with 50 µg/ml ascorbic acid (Sigma ® ) and 10 mM β-glycerophosphate (Merck ® ). Cells were cultured for 7 and 14 days. Culture medium was changed every 3 days until 14 days. For alkaline phosphatase (ALP) staining, cells were treated with Nitro blue tetrazolium chloride/ 5-Bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) solution (Roche ® ) in dark environment before fixing with 10% (v/v) formaldehyde for 1 minute. Positive ALP staining produced a purple color. Five images were taken at random locations in each well using a microscope. Quantitative ALP was eluted by dimethyl sulfoxide and absorbance was measured at a wavelength of 405 nm.
Determination of mineralization ability
Calcium deposit detection was performed by Alizarin red S staining. Cells were seeded at a density of 5 × 10 4 cells/well in six-well plates with DMEM supplemented with 50 g/ml ascorbic acid (Sigma ® ) and 10 mM β-glycerophosphate (Merck ® ) for 14 and 21 days. Osteoblast cells were washed and stained with 2% (w/v) Alizarin red S, with staining visualized under a microscope after 10 minutes. Five images were taken at random locations in each well.
Statistical analysis
All the values were expressed as mean ± SEM. Comparisons involving more than one group were assessed for significance using one-way analysis of variance followed when appropriate by Tukey's post hoc test. A value of less than 0.05 was considered as statistically significant.
RESULTS
Characterization of a lean hyperglycemic rat model
To ensure that the GK rats gave a valid phenotype of lean type 2 diabetes, several parameters were explored. We first confirmed the non-obese or lean animal model by measuring body weight. Body weights of the diabetic group were significantly lower than Wistar rats (301.6 ± 5.9 g vs. 458 ± 19.0 g, *p < 0.001). Mean FBG of the diabetic group was significantly higher than Wistar rats (control group) (176.6 ± 14.01 mg/dl vs. 75.71 ± 2.5 mg/dl, *p < 0.05). Mean percentage HbA1c level of the diabetic group was also higher compared with the control group (6.43% ± 0.12% vs. 4.11% ± 0.05%, *p < 0.001, Table 1 ). Results indicated the diabetic-like status of GK rats in this study.
Effect of metformin and SB203580 on blood glucose and plasma insulin
GK rats were treated with metformin, SB203580, or a combination of metformin and SB203580 for 4 weeks. Results showed no significant difference in body weight before and after treatment in all sub-groups. FBG and HbA1c were also measured. Results indicated significantly decreased FBG in the diabetic group treated with metformin before and after treatment (126.1 ± 5.08 mg/dl vs. 180.7 ± 15.48 mg/dl, p < 0.05) and HbA1c (5.19% ± 0.18% vs. 6.93% ± 0.18%, p < 0.01, Treatment with metformin significantly lowered plasma insulin level compared to the diabetic group (3.210 ± 1.338 ng/ ml vs. 9.233 ± 0.6731 ng/ml, # p < 0.05). By contrast, plasma insulin level in the diabetic group treated with SB203580 alone (11.73 ± 3.075 ng/ml, p < 0.05) was significantly higher than in the metformin-treated group. Combination of both drugs did not significantly affect plasma insulin level compared to single drug diabetic groups (4.77 ± 1.18 ng/ml vs. 9.233 ± 0.67 ng/ml, p > 0.05, Table 2 ).
Serum biochemical parameters in normal and hyperglycemic rats
Serum mineral levels and ALP activity were measured between control and hyperglycemic rats. Treatment with metformin significantly increased serum phosphorous (5.199 ± 0.5 mg/dl vs. 4.174 ± 0.4 mg/dl) and magnesium (3.654 ± 0.34 mg/dl vs. 3.209 ± 0.2 mg/dl) compared to the diabetic group (Table 2) . Moreover, serum ALP in the SB203580 treated group was significantly higher than the diabetic group (10.67 ± 1.67 mU/I vs. 5.619 ± 1.05 mU/I, *p < 0.05, Table 2 ). However, the combination of metformin and SB203580 did not affect serum mineral levels after treatment.
Combination of metformin and SB203580 improved femur density
Femur bones were isolated from all the rat groups to determine cortical and trabecular bone porosity. Results showed that femur cortical bone porosity of the diabetic group was significantly higher than control rats (26.50% ± 2.42% vs. 5.363% ± 0.76%, p < 0.0001). Treatment with metformin, SB203580, or a combination of these two drugs significantly reduced femur cortical bone porosity compared with the diabetic group (6.394% ± 1.72%, 8.721% ± 1.59%, 7.967% ± 2.36% vs. 26.50% ± 2.42%, # p < 0.0001, Fig. 1A, respectively) .
Results also indicated that isolated femur trabecular bone porosity of diabetic rats was significantly higher than control rats (71.07% ± 2.61% vs. 38.16% ± 1.84%, *p < 0.0001), while a combination of metformin and SB203580 significantly reduced femur trabecular bone porosity compared with the diabetic group (60.14% ± 2.40% vs. 71.07% ± 2.61%, # p < 0.0001, Fig. 1B ).
Metformin and SB203580 reduced bone porosity in tibia bones
The individual effects of metformin and SB203580 and a combination of these two drugs on tibial bone porosity was investigated. Results showed that percentages of tibial cortical bone porosity for the diabetic group were significantly higher than the control group (33.37% ± 2.87% vs. 6.054% ± 0.87%, *p < 0.001). Treatment with metformin, SB203580, or a combination of the two drugs significantly reduced tibial cortical bone porosity compared to diabetic group (8.847% ± 1.15%, 8.459% ± 0.93%, 6.296% ± 1.61% vs. 33.37% ± 2.87%, # p < 0.0001, Fig. 2A, respectively) . Results showed that isolated tibial trabecular bone porosity of diabetic rats was significantly higher than control rats (68.88% ± 2.43% vs. 44.47% ± 2.35%, *p < 0.001). However, all the treatment groups showed a reduction in tibial trabecular bone porosity but no significant differences when compared to the diabetic group (58.69% ± 2.89%, 63.92% ± 2.35%, 62.98% ± 2.84% vs. 68.88% ± 2.43%, Fig. 2B , respectively).
Only metformin reduced iliac bone porosity
Effects of drugs on bone porosity were also determined in flat bone. Here, the iliac bone was isolated as a representative of flat bone. Results showed that percentage porosity of iliac bones from the diabetic group was significantly higher than the control group (74.28% ± 2.51% vs. 50.67% ± 3.80%, *p < 0.001). Metformin treatment reduced iliac bone porosity (58.66% ± 3.04% vs. 74.28% ± 2.51%, # p < 0.0001) but combinatorial treatment did not provide a synergistic effect to reduce iliac bone porosity (66.43% ± 2.18%, Fig. 3 ).
Determination of biological properties of isolated primary osteoblasts from diabetic and drug-treated rats
To determine the effects of hyperglycemia from metformin, SB203580, or a combination of metformin and SB203580 at cellular bone level, osteoblasts from each group of animals were isolated and cultured. Then, the biological properties of the osteoblasts, including cell proliferation, population doubling time, expression of ALP, and mineralization ability were determined.
Results of cell proliferation ability represented as a growth curve (Fig. 4A) showed that isolated osteoblasts from the diabetic group had a slower growth rate compared to the control group. Treatment with metformin significantly enhanced cell proliferation. Similarly, results from calculated population doubling time (PDT) showed that isolated osteoblasts from the diabetic group did not significantly prolong PDT (104 ± 2.22 hours vs. 109.4 ± 3.25 hours, p > 0.05). By contrast, treatment with metformin gave significantly lower results than the diabetic group (95.46 ± 4.21 hours vs. 109.4 ± 3.25 hours, *p < 0.05, Fig.  4B ). There were no significant differences in growth rate and PDT between diabetic sub-groups treated with SB203580 or a combination of metformin and SB203580 (109.4 ± 3.25 hours vs. 96.53 ± 3.54 hours, 102.1 ± 4.0 hours, p > 0.05, Fig. 4B ).
The expression of ALP was determined in primary osteoblast cells by ALP staining. Results showed that osteoblasts isolated from the diabetic group expressed fewer ALP stained cells. Treatment with metformin, SB203580, or a combination of metformin and SB203580 gave higher ALP staining compared to osteoblasts isolated from the diabetic group (Fig. 5) . However, a combination of metformin and SB203580 showed no synergistic effect to increase ALP activity.
Mineralization ability for measuring calcium deposition was determined in primary osteoblast cells by Alizarin red staining. Results showed that osteoblasts isolated from the diabetic group had less Alizarin red positive cells. Treatment with metformin or a combination of metformin and SB203580 but not SB203580 on its own gave higher Alizarin red positive cells compared to the diabetic group (Fig. 5) . 
DISCUSSION
This study demonstrated the effect of anti-diabetic drugs metformin, p38 MAPK inhibitor SB203580 and the combinatorial effect of metformin and SB203580 on bone porosity in non-obese diabetic Goto-Kakizaki rats. Major findings showed that nonobese diabetes caused a significant loss of both trabecular and cortical long bone mass as well as flat bone. Treatment with antidiabetic drugs metformin and p38 MAPK inhibitor SB203580 significantly preserved bone mass, predominantly in cortical bone. Treatment with metformin combined with p38 MAPK inhibitor only synergistically reduced porosity of the femur trabecular bone. Similarly, in bone tissue, osteoblasts isolated from diabetic bone were less proliferate and expressed less osteoblastic characteristics. However, metformin had a dominant effect on osteoblastic properties by significantly reducing population doubling time, expression of ALP and mineralization.
Most previous studies determined that hyperglycemia and diabetes affected bone quality by decreasing whole body bone mineral density (BMD) (Wong et al., 2018) and jaw bone density (Pramojanee et al., 2013) . However, some studies revealed no change or slightly increased bone mass but enhanced risk of bone fracture Moseley, 2012; Napoli et al., 2017) . Similar to our findings, several previous studies in experimental animal models (Kerckhofs et al., 2016; Sampayo et al., 2017) as well as humans (Kayal et al., 2007; Vestergaard, 2007) demonstrated that hyperglycemia or diabetes caused detrimental effects on bone mass by decreasing bone mass, strength, and bone formation processes while increasing osteoclast activity and bone resorption.
Among the different types of diabetes, type 1 and type 2 showed diverse impacts on the structural and mechanical properties of bone (Sampayo et al., 2017) . A greater hyperglycemic condition in T1DM could be a major factor involved in bone alterations, whereas body weight change is considered as one of the key factors in T2DM which impacts bone health. T2DM is the most common type of diabetes in older age-groups (Kalyani et al., 2017) who have an increased risk of bone defects. Globally, the vast majority of patients with T2DM are overweight or obese but more than half of diabetic patients in Asian countries are lean or non-obese (Kashima et al., 2015) , they show a high risk for diabetic complications with less awareness.
Different types of diabetes present diverse outcomes on bone porosity. Previous studies demonstrated that T1DM patients had lower BMD which depends on age and gender (Mastrandrea et al., 2008) , while body weight was a major influencing factor on BMD for T2DM patients (Kao et al., 2003) . BMD in T2DM patients increased, possibly due to poor glycaemia control (Dede et al., 2014; Ma et al., 2012 ). Therefore, both glycemic level and body weight are predominant factors for bone porosity in T2DM. However, bone porosity in non-obese T2DM might be different from obese T2DM since body weight seems to have less influence. In this study, GK rats were used as representatives of a nonobese diabetic model to demonstrate the effect of hyperglycemic condition on bone remodeling without body weight as a physical stimulant. Our results confirmed the diabetic-like phenotype with mild hyperglycemia and showed that non-obese diabetic GK rats had higher bone porosity compared to control rats. This finding was supported by a previous study confirming that GK rats had low BMD in the femur and lumbar bones as well as low bone volume/total volume (BV/TV) in trabecular bones (Zhang et al., 2009) . A recent study showed that GK rats had reduced trabecular and cortical BMD in both tibia and femur bones. BMD was determined by peripheral quantitative computerized tomography (pQCT) (Ahmad et al., 2003) . Therefore, non-obese T2DM had higher risk for osteoporosis than obese T2DM. Preventive attention should also be focused on non-obese T2DM.
Our study demonstrated that the treatment with metformin significantly reduced trabecular and cortical bone porosity of tibia, femur, and iliac bones. Furthermore, primary osteoblast cells isolated from the calvarial bones of GK rats treated with metformin improved primary osteoblast proliferation. Moreover, we also showed that metformin promoted osteoblast differentiation by enhancing ALP expression and increasing calcium deposits. Our results suggested the beneficial effect of metformin on bone health for non-obese T2DM. Similar results for metformin enhancement of in vitro osteoblastic differentiation were shown in mouse osteoblast precursor cell line MC3T3-E1 cells treated with 100 µM of metformin (Jang et al., 2011) . In an in vivo study, metformin protected bone loss in ovariectomized rats via reduced osteoclastogenesis (Mai et al., 2011) . Moreover, metformin treatment delayed bone repair and healing in Zucker diabetic fatty rats (ZDF) (Akash et al., 2013) . Beneficial effects of metformin on bone health were reported in a preclinical study and also in patients. Information from the clinical study showed that metformin decreased bone fracture in diabetic patients (Vestergaard et al., 2005) .
Metformin improved bone health in diabetes; therefore, lowering blood sugar levels could be a key factor to protect bone loss. Unlike metformin, other anti-diabetic drugs failed to provide beneficial effects on bone density. For example, treatment with anti-diabetic thiazolidinediones, such as rosiglitazone in ovariectomized ZDF rats increased cortical bone porosity (Sardone et al., 2011) . Similarly, diabetic patients receiving thiazolidinedione showed enhanced non-spine bone fractures (Schwartz et al., 2015) , reduced levels of parameters for osteoblast activity and increased osteoclast activity (Zinman et al., 2010) . Other anti-diabetic drugs in the DPP-4 inhibitors family, such as vildagliptin, showed no improvement in BMD in post-menopausal women with T2DM (Vianna et al., 2017) . Therefore, the benefits of metformin on bone health might not be due to the sugar lowering effect of the drug but to other mechanisms that require further investigation.
One signaling pathway involved in bone homeostasis, especially in osteoblast activity is p38 MAPK. Phosphorylation of p38 MAPK stimulated runt-related transcription factors (Runx2) and the downstream Wnt/β-catenin signaling pathway that play major roles in osteoblast proliferation and differentiation (Rodríguez-Carballo et al., 2016; Yavropoulou and Yovos, 2007) . Therefore, it could be speculated that p38 MAPK signaling plays an important role in osteoblast cells. Hyperglycemic conditions increased basal p38 MAPK activation as a signaling pathway that plays a role in cellular injury and apoptosis Nakagami et al., 2001) . Thus, inhibition of p38 MAPK by means of an inhibitor could benefit osteoblast cells. Our results indicated that osteoblasts isolated from GK rats treated with SB203580 showed no significant difference in cell proliferation compared to osteoblasts isolated from diabetic rats. In addition, treatment with SB203580 improved ALP expression but failed to enhance osteoblast mineralization. A combination of p38 MAPK inhibitor and metformin did not provide synergistic effects to further enhance osteoblast growth and differentiation. This result may be because p38 MAPK positively regulates osteoblast growth and differentiation. Inhibition of p38 MAPK activity could be detrimental to osteoblasts. Loss of p38 MAPK by gene knockout could reduce trabecular and cortical bone density as well as impair osteoblast differentiation (Rodríguez-Carballo et al., 2014) . In addition, inhibition of p38 MAPK by inhibitors showed a reduction in ALP activity and a decrease in trabecular bone loss in long bones (Caverzasio et al., 2008; Suzuki et al., 2002) . Unlike results from an in vivo study and bone scanning by micro-CT, our results showed that p38 MAPK inhibition significantly preserved bone mass, predominantly on the trabecular bone. On the other hand, treatment with metformin combined with p38 MAPK inhibitor only synergistically reduced the porosity of cortical bone from the femur and tibia. A combination of p38 MAPK inhibitor and metformin significantly reduced only femur trabecular bone porosity. This discrepancy could be due to the effect of p38 MAPK inhibitor on other cell types in the bone such as osteoclasts and osteoprogenitor cells. Therefore, the effect of p38 MAPK inhibitor on these cell types was not examined and is considered as one of the limitation of this study.
To the best of our knowledge, this is the first study to hypothesize the combinatorial effect of metformin and p38 MAPK inhibitor. However, the outcomes do not clearly show the benefits of co-treatment on bone health. This may be, in part, due to the counteracting effects of these two drugs with interfering growth and differentiation of osteoblast or osteoclast cells also considered as another factor of the failure.
CONCLUSION
In conclusion, results showed that non-obese type 2 diabetes aggravated bone porosity, while a single treatment of metformin or SB203580 provided beneficial effects to bone health for non-obese type 2 diabetes patients.
